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ABSTRACT
Soybean [Glycine max (L.)] is the most important oilseed and one of the most
important and affordable protein sources worldwide. Enhancing the acquisition of
belowground resources has been identified as an opportunity for improving soybean
productivity worldwide. Root architecture is gaining interest as a selection criterion in
breeding programs for enhancing soil resource acquisition and developing climate-resilient
varieties. The objective of this research was to investigate whether root system
characteristics are related with aboveground growth and yield of 11 selected soybean
genotypes under rainfed conditions. Our goal was to identify beneficial root traits and
genotypes that can be included in breeding programs. Soybean genotypes were tested under
field conditions in 2019 and 2020 at two locations in South Carolina, in which one of the
locations was characterized by compacted soils. Our results demonstrated mechanisms
related with root production and distribution that will influence biomass production and
yield formation in soybean. The elite SC breeding line SC07-1518RR, exotic pedigree line
N09-12854, and slow wilting line N09-13890 were superior genotypes in terms of biomass
production, seed yield, and water use efficiency. Genotypes N09-12854 and N09-13890
demonstrated reduced root development (based on total root count and length), likely to
restrict belowground growth and allocate more resources for shoot growth. This
characteristic, which can be referred as a parsimonious root phenotype, might be
advantageous for soybean improvement under optimal and drought conditions in highinput production systems (characterized by adequate fertilizer application and soil fertility)
that exist in many parts of the world. Genotype SC07-1518RR exhibited a similar strategy:
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while it maintained its root system at an intermediate size through reduced levels of total
root count and length, it selectively distributed more roots at deeper depths. The increased
root distribution of SC07-1518RR at deeper depths in compacted soil indicate its root
penetrability and suitability for clayey soils with high penetration resistance. The beneficial
root traits identified in this study (parsimonious root development and selective root
distribution in deeper depths) and the genotypes that exhibited those traits (SC07-1518RR,
N09-12854, and N09-13890) will be useful for breeding programs in developing varieties
for optimal, drought, and compacted-soil conditions.
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CHAPTER ONE
LITERATURE REVIEW
SOYBEAN PLANT CHARACTERISTICS, CONSTRAINTS TO PRODUCTION,
AND OPPORTUNITIES FOR YIELD IMPROVEMENTS
Importance of Soybean
Soybean (Glycine max L. Merr.) is one of the major world crops. It is known to be
originated in China (Sedivy et al., 2017), and it has been spread all over the world. It is
widely known for its economic and social value. It is used for food, feed, and industrial
purposes. It is the most important oilseed and one of the most important and affordable
protein sources worldwide (SoyStats, 2020). Soybean oil is the most common product of
soybean, and world soybean crush is expected to grow annually by 2.5% (OECD/FAO,
2016). Soybean accounts for 59% of world’s oilseed production (SoyStats, 2020). About
90% of the world’s total soybean production originates from five major countries: Brazil,
U.S., Argentina, China, and India (SoyStats, 2020).
In Brazil (the #1 producer of soybean), the growth rate of soybean production is
twice the global rate. The expansion of soybean cultivation in Brazil is highly correlated
with the demand for feed. Europe imports ~70% of the soybean produced in Brazil for
animal feed, and the growing demand for animal feed in Europe increases the soybean
production in Brazil (Cavalett and Ortega, 2009). Soybean is the main source of foreign
currency in Brazil. In the United States (the #2 producer of soybean), more than 76 million
acres were used for soybean cultivation, and 3.56 billion bushels were produced in 2019
(SoyStats, 2020; USDA, 2020). Soybean is ranked as the number two crop in terms of
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planted areas in the U.S. (SoyStats, 2020). Soybean is also known for the value of its
agricultural exports. In 2017, soybean had the greatest value of all U.S. agricultural exports
which accounted for 21.6 billion dollars (USDA, 2018). Recent studies have focused on
producing a soybean oil-based biodiesel with improved quality and efficiency (Canakci,
2005). Soybean is expected to produce about 47% of the planned biodiesel production in
the U.S. even though it is not yet profitable without government aid (Goldsmith, 2008). In
2019, 335,000 acres of soybean were grown in South Carolina and the average soybean
yield was 26 bushels/acre (SoyStats, 2020).
Botanical Description
Soybean belongs to the pea family Fabaceae. Soybean can grow up to 2 m in
height. (Britannica, 2019). The time for maturity ranges from 75 to 200 or more days after
planting depending on the maturity group classification (Morse et al., 1949). It has a main
stem with branching from the nodes. The stems, leaves, and pods are typically covered by
fine hairs, called pubescence. The trifoliolate leaves turn yellow as the pods ripen and fall
when it is close to maturity (Morse et al., 1949). A variety of flower color exists, but
majority of flowers have purple and white color (Sundaramoorthy et al., 2015). The pods
can contain between one and five seeds, and there are variety of seed colors such as yellow,
olive yellow, brown, and black. Soybean seeds are known for its rich nutrient contents. It
contains about 42% protein, 20% oil, and 33% carbohydrates, vitamins, and minerals (Hou
et al., 2009; Bellaloui et al., 2011). Soybean seed has two distinct parts, cotyledons and an
embryo. Two cotyledons, which comprise 90% of the seed serve as the major food supplier
during emergence (Bair, 1979). The embryo is comprised of three distinct parts: radicle,
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hypocotyl, and epicotyl. Radicle is the first root which penetrates the seed coat, and the
lateral root develops from the radicle. The hypocotyl elongates after radicle emergence,
and the epicotyl contains the main growing point, such as the stem. The seed is covered by
the seed coat or hull which makes up about 8% of the seed (Sessa, 2004). Several layers of
the seed coat are made up of parenchyma, hourglass cells, and palisade cells that protect
the seed from mechanical damage (Shea Miller et al., 1999). Without the protection of the
hull, the seed coat would be damaged and the seed will not germinate (Badole and
Bodhankar, 2012).
Developmental Stages
Vegetative stages start with the emergence of the cotyledons (VE) from the soil
surface. This is followed by the unfolding of the two unifoliate leaves, which marks the
VC growth stage. The V1 stage starts when the first set of trifoliolate leaves unfold. The
vegetative stages then continue up to the V(n) stage based on the number of unfolded
trifoliolate leaves. The leaves which are on the nodes of the main stem are counted when
determining vegetative growth stages. Reproductive growth has eight stages (R1-R8).
When the first open flower is observed at any node on the main stem, it is considered as
the R1 stage. The stage moves on to R2 when an open flower is observed at one of the two
uppermost nodes. Depending on morphology, the R1 stage may come with R2. The R3
stage is called “beginning pod set” and it is when pods are more than 5 mm long at one of
the four uppermost nodes. When the pods grow up to ~ 2 cm in length, it is considered as
R4 stage. The R5 stage is when the seeds are ~ 3 mm long, and the R6 stage begins when
the seeds fully fill up the pod cavity. Soybeans are at R7 growth stage when one of the
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pods reach mature pod color and at R8 growth stage (harvest maturity) when majority of
the pods reach mature pod color.
Morphology and Adaptation
Soybean has an annual life cycle and is mostly self-pollinated. The percentage of
cross-pollination is extremely low. Soybean can have a determinate, semi-determinate, or
indeterminate growth habit. Determinate cultivars cease vegetative development at the
apical meristem upon initiation of reproductive development (Tian et al., 2010). On the
other hand, indeterminate cultivars continue its vegetative development along with
reproductive development (Tian et al., 2010). Soybean grows optimally in soils with an
adequate moisture level, with warm temperatures between 50- and 65-degrees Fahrenheit.
It is photoperiod sensitive and adapts to a variety of latitudes (James and Lawn, 2011). The
morphological variability comes from the variation of genetics and occurrence of maturity
groups. The maturity groups differ in days to flowering and maturity, plant height, number
of branches and pods, seed number per pod, and yield (Malek et al., 2014).
Soybean Root System Architecture
Soybean roots may grow up to 2 meters in depth. It has an allorhizic root system
with a primary root, also called a taproot, and lateral roots which develop from the tap root
(Amsalu et al., 2011). The radicle, the embryonic primary root, starts to grow from the
swollen seed, and it anchors to the soil along with hypocotyl elongation (Ritchie, 1985).
Along with the first root, the adventitious roots also grow from the hypocotyls (Amsalu et
al., 2011; Pratap et al., 2012). The secondary roots or lateral roots grow from the primary
root, and they exponentially develop in the upper part of the soils (Ritchie, 1985; Mangena,
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2018). There are four to seven major lateral roots which makes extensive branches and
have larger root diameters compared to other lateral roots (Kaspar, 1985). Higher-order
roots such as tertiary and quaternary roots are developed from the lateral roots.
Every portion of the roots can produce root hairs. Development of root hairs is
important since they play a major role in the absorption of water and nutrients by greatly
increasing the absorptive surface area (Osmont et al., 2007; Velasquez et al., 2011; Tanaka
et al., 2014). Root hairs are the site for nodulation by a bacterium called Brazyrhizobium
japonicum (Brechenmacher et al., 2010). Nodule formation starts with the invasion of this
bacteria into the root hair cells, and within a few minute, the bacteria are attached to the
host cells (Turgeon and Bauer, 1982). The penetration happens gradually and the infection
threads penetrate the cortex of the host cell within 48 hours, and the nodule starts to form
(Turgeon and Bauer, 1982; Green and Emerich, 1999). Soybean roots and bacteria together
form nitrogen-fixing symbiosis by which rhizobia provide NH3 to the host plant by
reducing atmospheric nitrogen, and the host provides nutrients such as carbon for rhizobia
(Brechenmacher et al., 2010; Ferguson et al., 2019; Xiong et al., 2021). This symbiotic
relationship enhances nitrogen fixation ability of soybean.
Field Management and Production Practices
Field management and production practices impact the field performance of
soybean. For rapid germination, a warm soil above 60-degrees Fahrenheit with enough
moisture and aeration is required (Kansas State University, 2016). Not only that, but the
field should also be free of weeds. Good management practices start with choosing good
quality seed. Seed can easily be damaged if the moisture content is too low. Damaged
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seeds, based on visual observation for cracks and splits, will have a lower germination rate.
It is recommended to have a germination rate of more than 85% for good stands and seed
yield, so appropriate germination testing might be necessary. The optimum recommended
planting depth for soybean is around 1 to 2 inches. When appropriate conditions are
satisfied, a soybean seed absorbs water of about 50% percent of its weight and then
germinates (Soybean Production Handbook, 1987). After germination, a mean temperature
of 23°C is recommended for optimum soybean yield (Boote, 2011).
Planting date is mainly decided by soil temperature and the frost-free date;
therefore, planting date depends on the region where soybean is grown. In the United
States, a maturity group (MG) rating system is commonly used. South Carolina mostly uses
MG V to VIII, and most planting is done by early June. The optimum planting depth is 1
to 1.5 in. Planting deeper than 2 in causes a slow process of emergence or reduced
emergence. A seeding rate of 150,000 seeds/acre with 7 seeds per row foot is recommended
in South Carolina (Plumblee, 2021).
Various tillage practices can be applied to the soybean field: no-till, conventional
tillage, conservation tillage, deep tillage, and subsoiling. Tillage can be determined based
on the soil type of the field, but soybean grows well even under no-tillage practice (Yusuf
et al., 1999). An adequate amount of fertilizer is required for proper growth and
development. Typically, to achieve 40-bushels per acre, 224-38-144 (N-P-K) lb/a of
nutrients is absorbed from the soil (Corey, 2021). No nitrogen fertilizer is usually needed
due to the symbiotic relationship with nodule bacteria. A soil test should be done to
determine the appropriate fertilizer amount (Corey, 2021).
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The water use of soybean differs based on developmental stages and weather
condition. Soybeans typically use about 18 to 26 inches of water for the whole growing
season (Kansas State University, 2016). Soybeans often consume about 0.32 inches of
water a day during the pod development stage, which is significantly higher than that at
vegetative stage (Kansas State University, 2016). However, proper irrigation prior to
reproductive stage support leaf and canopy growth, which helps for adequate reproductive
growth (Corey, 2021). The yield of soybean can be more than doubled through irrigation
compared to the non-irrigation condition (Kansas State University, 2016).
Optimal conditions for soybean harvest occur after 95% of the pods turn brown
and seed moisture reaches 15%. Harvesting at the proper time is required to minimize yield
loss and seed damage. Preharvest losses can happen due to seed shatter and damage (Corey,
2021). Combine harvest is commonly used to harvest soybeans in developed countries.
One of the major constraints of using combine harvest is the harvest loss. Machine loss is
common at the header of combine where it cuts and gathers the soybean plant, since a
matured pod can easily shatters (Kansas State University, 2016). It is recommended to
harvest soybean when the seeds are between 14-16% moisture content (Corey, 2021). For
storage, proper temperature and humidity is required, and the appropriate relative humidity
depends on the temperature at which the seeds are stored; however, about 11% moisture
content with a temperature lower than 10°C is recommended for longer storage (Kansas
State University, 2016; Corey, 2021).
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Utilization
Soybeans are mostly utilized for oil production. It is one of the most consumed
vegetable oils in the United States. The soybean oil is known to be rich in triacylglycerol,
fatty acids, tocopherol, and vitamin E (Güzeler and Yildirim, 2016). Two steps are required
for soybean oil production before it can be commercialized: getting crude oil and refining.
Research is ongoing to better utilize the soybean crude residue. Currently, soybean residue
is used mainly for producing soy sauce, jam, protein feed, and beverages. Since it is rich
in protein and nutrients, researchers are eager to find a way to utilize it for other food or
feed purposes. In Korea, for example, soybean is widely utilized as fermented bean paste,
called “doenjang.” With soybean’s high protein value, Korea adds the fermentation process
which improves the health benefits (Park et al., 2010).
Another type of soybean utilization in the market is soymilk. It is free of lactose,
gluten, and caffeine. It also has a low-fat content and a high omega-3 fatty acids content.
Hence, it is a good substitute for basic milk to the people who have lactose intolerance. A
lot of Asian countries utilize soybean as tofu. Tofu is produced by heating soymilk and the
coagulation of protein. Soybean is also used for biodiesel production through oil extraction
and biodiesel conversion. Biodiesel made from soybean is mainly used in the United States.
Drought Stress as a Major Constraint for Soybean Production
The United States confronts drought every year. About 40% and 65% of total U.S.
cropping area was affected by some degree of drought in 2019 and 2020, respectively (U.S.
Drought Monitor, 2019; U.S. Drought Monitor, 2020). Drought is the major yield limiting
factor for soybean. Drought stress can cause a decrease in yield components such as the
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total number of seeds, the number of seeds per pod, and an increase in flower abortion
(Sadeghipour and Abbasi, 2012). During the vegetative growth stage, drought stress not
only inhibits soybean plant height and leaf area but also the chlorophyll and water contents
of the leaves (Dong et al., 2019). Drought stress also negatively impact stem elongation
and leaf area expansion (Hoogenboom et al., 1987; Salama and Sinclair, 1994).
Furthermore, the weights of soybean stem, root, and seed decrease under drought stress,
and it eventually leads to the reduction of seed weight (Du et al., 2020). Drought stress
impact is most prevalent during reproductive stages. Drought stress negatively impacts
gametophyte development, decreases pollen viability, and leads to pollen sterility
(Lichtfouse, 2011). Soybean yield losses are the greatest when drought stress occurs
between the R3 and R5 growth stages. One study demonstrated that the drought impact
during the seed filling stage can significantly reduce the yield nearly in half (Dornbos et
al., 1989). When compared to the irrigated field conditions, soybean grown under nonirrigated field conditions has shown about 44% reduction of grain yield (Kobraei et al.,
2011).
Improving Water Use Efficiency and Root Architecture as an Opportunity to
Improve Yield under Drought Conditions
Crop production worldwide is limited by scarcity of water. The water resource that
can be used for crops are limited except precipitation. Thus, it is necessary to develop crop
cultivars which maximize profit and minimize water use. This trait is commonly evaluated
as water use efficiency (WUE). WUE is defined as the ratio of biomass production to plant
transpiration, which is the water use of the plant (Bacon, 2009). By definition, WUE can
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be improved by increasing the biomass production, decreasing the water use of plants, or
by a combination of both. Since the roots uptake water and nutrients, it is important to
understand root system architecture with its response to water availability. Due to high
plasticity of root architecture, every plant genotype reacts differently to the scarcity of
water in various environments. Typically, root system architecture is characterized as being
narrow and vertically oriented under the scarcity of water (Rogers and Benfey, 2015).
Some plants develop parsimonious roots which results in less water use and high water use
efficiency (Burridge et al., 2020). The roots of soybean, like other plants, can sense soil
water deficits, and the root tips produce abscisic acid when water is limited and stomatal
conductance is reduced to control water usage (Liu et al., 2005).
Soybean root system architecture may contribute to adaptability in drought.
Soybean plants may modify root morphology based on traits such as rooting depth, root
angle, and branching density to adapt to drought stress. It has been reported that the
drought-tolerant cultivars of soybean showed deeper root systems with more than 40degree root angle while the susceptible cultivars showed shallow root systems with less
than 40-degree root angle (Fenta et al., 2014b; Zhao et al., 2018). Furthermore, an increase
in the number of root tips, root length, and root surface area was observed under waterstress conditions (Zhao et al., 2018).
Parsimonious Root Hypothesis
Parsimonious root hypothesis was first proposed by Dr. Jonathan Lynch (Lynch,
2018). It states that under high input production systems where application of fertilizers,
herbicides, and pesticides is adequate, reduced root development would be advantageous
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for crops (Lynch, 2018). Under such high input production systems, plants do not invest
much on the production on the lateral and axial roots to explore resources underground
(Lynch, 2018). Instead, plants can actually increase their cost/benefit ratio by reduced
production or the loss of unproductive phenotypes such as cortical parenchyma, cortical
cell, and cortical parenchyma (Lynch, 2018). A study showed that the crown root number
of maize has been reduced by 31% when water deficit stress occurred in a greenhouse study
(Gao and Lynch, 2016). Reduced number of crown roots contributed larger net assimilation
in shoot biomass (Gao and Lynch, 2016). Another study showed that C4 grass, Setaria
viridis, decreased its crown root growth in response to water deficit (Sebastian et al., 2016).
Decreasing the root development and producing less number of roots might be an adaptive
response for some genotypes to increase its net aboveground biomass productivity and
efficiency.
Previous Research in Our Laboratory
Previous studies were done by investigating the root penetrability of 49 soybean
genotypes (Fried et al., 2018). The study was conducted in the greenhouse by growing
soybeans in mesocosms with a synthetic hardpan inside, and genetic variability was
observed in terms of root penetrability (Fried et al., 2018). Based on the results from this
study (Fried et al., 2018), 10 genotypes were selected for further evaluation: R01-581F,
Boggs, N06-7023, N09-12854, N09-13890, NC-Raleigh, NTCPR94-5157, SC-14-1127,
Crockett, and SC07-1518RR (Fried et al., 2019). These 10 genotypes were tested for water
use efficiency and seed yield (Fried et al., 2019). These studies identified that the slow
wilting lines NTCPR94-5157 and N09-13890 had equal or greater yield than the checks-
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cultivar NC-Raleigh and the elite South Carolina breeding line SC07-1518RR, under
irrigated and non-irrigated conditions. The high yielding genotypes NTCPR94-5157, N0913890, and SC07-1518RR exhibited root parsimony (reduced root development). The high
yielding genotypes N09-13890, and SC07-1518RR and a cultivar Boggs (intermediate in
yield) possessed high water use efficiency and had increased root penetrability of hardpans.
As a follow up of these studies, our study focused on evaluating the same genotypes (R01581F, Boggs, N06-7023, NC-Roy, N09-12854, N09-13890, NC-Raleigh, SC-14-1127,
Crockett, SC07-1518RR, and USDA-N8002) for their root architecture and root
development in situ, and their influence on biomass production and yield.

12

References
Amsalu, B., Schluter, U., Marquez, B., DuPlessis, M., H., C., and J., K. (2011).
“Identification and Application of Phenotypic and Molecular Markers for Abiotic
Stress Tolerance in Soybean,” in Soybean - Genetics and Novel Techniques for
Yield Enhancement, ed. D. Krezhova (InTech). doi:10.5772/19182.
Bacon, M. (2009). Water use efficiency in plant biology. John Wiley & Sons.
Badole, S. L., and Bodhankar, S. L. (2012). “Glycine max (Soybean) Treatment for
Diabetes,” in Bioactive Food as Dietary Interventions for DIabetes: (Academic
Press), 77–82.
Bair, C. W. (1979). Microscopy of soybean seeds: cellular and subcellular structure
during germination, development and processing with emphasis on lipid bodies.
Available at: https://lib.dr.iastate.edu/rtd/7188.
Bellaloui, N., Reddy, K. N., Bruns, H. A., Gillen, A. M., Mengistu, A., Zobiole, L. H. S.,
et al. (2011). Soybean Seed Composition and Qualtiy: Interactions of
Environment, Geenotype, and Management Practices. 43.
Boote, K. J. (2011). “Improving Soybean Cultivars for Adaptation to Climate Change and
Climate Variability,” in Crop Adaptation to Climate Change Chapter., eds. S.
Yadav, R. Redden, J. Hatfield, H. Lotze-Campen, and A. Hall (UK: WileyBlackwell), 370–395.

13

Brechenmacher, L., Lei, Z., Libault, M., Findley, S., Sugawara, M., Sadowsky, M. J., et
al. (2010). Soybean Metabolites Regulated in Root Hairs in Response to the
Symbiotic Bacterium Bradyrhizobium japonicum. Plant Physiology 153, 1808–
1822. doi:10.1104/pp.110.157800.
Britannica, T. E. of E. (2019). Soybean. Encyclopedia Britannica. Available at:
https://www.britannica.com/plant/soybean [Accessed June 7, 2021].
Burridge, J. D., Rangarajan, H., and Lynch, J. P. (2020). Comparative phenomics of
annual grain legume root architecture. Crop science 60, 2574–2593.
doi:10.1002/csc2.20241.
Canakci, M. (2005). Performance and emissions characteristics of biodiesel from soybean
oil. Proceedings of the Institution of Mechanical Engineers, Part D: Journal of
Automobile Engineering 219, 915–922. doi:10.1243/095440705X28736.
Cavalett, O., and Ortega, E. (2009). Emergy, nutrients balance, and economic assessment
of soybean production and industrialization in Brazil. Journal of Cleaner
Production 17, 762–771. doi:10.1016/j.jclepro.2008.11.022.
Corey, B. (2021). Soybean Production in Georgia. University of Georgia Extension
Available at: https://grains.caes.uga.edu/content/dam/caessubsite/grains/docs/soybean/2021-Soybean-Production-Guide.pdf.

14

Dong, S., Jiang, Y., Dong, Y., Wang, L., Wang, W., Ma, Z., et al. (2019). A Study on
Soybean Responses to Drought Stress and Rehydration. Saudi Journal of
Biological Sciences 26, 2006–2017. doi:10.1016/j.sjbs.2019.08.005.
Dornbos, D. L., Mullen, R. E., and Shibles, R. M. (1989). Drought Stress Effects During
Seed Fill on Soybean Seed Germination and Vigor. Crop Science 29, 476–480.
Du, Y., Zhao, Q., Chen, L., Yao, X., and Xie, F. (2020). Effect of Drought Stress at
Reproductive Stages on Growth and Nitrogen Metabolism in Soybean. Agronomy
10, 302. doi:10.3390/agronomy10020302.
Fenta, B., Beebe, S., Kunert, K., Burridge, J., Barlow, K., Lynch, J., et al. (2014). Field
Phenotyping of Soybean Roots for Drought Stress Tolerance. Agronomy 4, 418–
435. doi:10.3390/agronomy4030418.
Ferguson, B. J., Minamisawa, K., Muñoz, N. B., and Lam, H.-M. (2019). Editorial:
Metabolic Adjustments and Gene Expression Reprogramming for Symbiotic
Nitrogen Fixation in Legume Nodules. Front. Plant Sci. 10.
doi:10.3389/fpls.2019.00898.
Fried, H. G., Narayanan, S., and Fallen, B. (2018). Characterization of a soybean
(Glycine max L. Merr.) germplasm collection for root traits. PloS one 13,
e0200463. doi:10.1371/journal.pone.0200463.

15

Fried, H. G., Narayanan, S., and Fallen, B. (2019). Evaluation of soybean [Glycine max
(L.) Merr.] genotypes for yield, water use efficiency, and root traits. PloS one 14,
e0212700.
Gao, Y., and Lynch, J. P. (2016). Reduced crown root number improves water acquisition
under water deficit stress in maize (Zea mays L.). Journal of experimental botany
67, 4545–4557.
Goldsmith, P. D. (2008). “Economics of Soybean Production, Marketing, and
Utilization,” in Soybeans (Elsevier), 117–150. doi:10.1016/B978-1-893997-646.50008-1.
Green, L. S., and Emerich, D. W. (1999). Light microscopy of early stages in the
symbiosis of soybean with a delayed-nodulation mutant of. Journal of
Experimental Botany 50, 1577–1585.
Güzeler, N., and Yildirim, Ç. (2016). The Utilization and Processing of Soybean and
Soybean Products. 30, 9.
Hoogenboom, G., Peterson, C. M., and Huck, M. G. (1987). Shoot Growth Rate of
Soybean as Affected by Drought Stress. Agron.j. 79, 598–607.
doi:10.2134/agronj1987.00021962007900040003x.
Hou, A., Chen, P., Shi, A., Zhang, B., and Wang, Y.-J. (2009). Sugar Variation in
Soybean Seed Assessed with a Rapid Extraction and Quantification Method.
International Journal of Agronomy 2009, 1–8. doi:10.1155/2009/484571.

16

James, A. T., and Lawn, R. J. (2011). Application of physiological understanding in
soybean improvement. II. Broadening phenological adaptation across regions and
sowing dates. Crop Pasture Sci. 62, 12. doi:10.1071/CP10290.
Kansas State University (2016). Soybean Production Handbook. Available at:
https://bookstore.ksre.ksu.edu/pubs/c449.pdf [Accessed June 21, 2021].
Kaspar, T. C. (1985). Growth and Development of Soybean Root Systems. in World
Soybean Research Conference III: proceedings, ed. R. Shibles (Westview Press),
841–847.
Kobraei, S., Etminan, A., Mohammadi, R., and Kobraee, S. (2011). Effects of drought
stress on yield and yield components of soybean. Annals of Biological Research
2, 504–509.
Lichtfouse, E. ed. (2011). Alternative Farming Systems, Biotechnology, Drought Stress
and Ecological Fertilisation. Dordrecht: Springer Netherlands doi:10.1007/97894-007-0186-1.
Liu, F., Andersen, M. N., Jacobsen, S.-E., and Jensen, C. R. (2005). Stomatal control and
water use efficiency of soybean (Glycine max L. Merr.) during progressive soil
drying. Environmental and Experimental Botany 54, 33–40.
Lynch, J. P. (2018). Rightsizing root phenotypes for drought resistance. Journal of
Experimental Botany 69, 3279–3292. doi:10.1093/jxb/ery048.

17

Malek, M. A., Rafii, M. Y., Shahida Sharmin Afroz, Most., Nath, U. K., and Mondal, M.
M. A. (2014). Morphological Characterization and Assessment of Genetic
Variability, Character Association, and Divergence in Soybean Mutants. The
Scientific World Journal 2014, 1–12. doi:10.1155/2014/968796.
Mangena, P. (2018). “Water Stress: Morphological and Anatomical Changes in Soybean
(Glycine max L.) Plants,” in Plant, Abiotic Stress and Responses to Climate
Change, ed. V. Andjelkovic (InTech). doi:10.5772/intechopen.72899.
Morse, W. J., Williams, L. F., and Cartter, J. L. (1949). Soybeans: Culture and Varieties.
Washington, D.C. : U.S. Government Printing Office.
OECD/FAO (2016). OECD-FAO Agricultural Outlook 2016-2025. OECD Publishing,
Paris Available at: https://doi.org/10.1787/agr_outlook-2016-en [Accessed June
17, 2021].
Osmont, K. S., Sibout, R., and Hardtke, C. S. (2007). Hidden Branches: Developments in
Root System Architecture. Annu. Rev. Plant Biol. 58, 93–113.
doi:10.1146/annurev.arplant.58.032806.104006.
Park, J. W., Lee, N. K., Kim, B. Y., Kim, H. K., and Hahm, Y. T. (2010).
Characterization of Traditionally Fermented Korean Soybean Paste, eoyukjang,
and Isolation of its Microorganisms. Food Science and Biotechnology 19, 425–
430. doi:https://doi.org/10.1007/s10068-010-0060-8.

18

Plumblee, M. (2021). 2021 South Carolina Soybean Production Guide. Available at:
https://clemson.app.box.com/s/a27svxqckn50ew65hc502vl3i29x8vbz [Accessed
July 15, 2021].
Pratap, A., Gupta, S. K., Kumar, J., and Solanki, R. K. (2012). “Soybean,” in
Technological Innovations in Major World Oil Crops, ed. S. K. Gupta (New
York, NY: Springer New York), 293–321. doi:10.1007/978-1-4614-0356-2_12.
Ritchie, S. W. (1985). How A Soybean Plant Develops. Iowa State University of Science
and Technology, Cooperative Extension Service.
Rogers, E. D., and Benfey, P. N. (2015). Regulation of plant root system architecture:
implications for crop advancement. Current Opinion in Biotechnology 32, 93–98.
doi:https://doi.org/10.1016/j.copbio.2014.11.015.
Sadeghipour, O., and Abbasi, S. (2012). Soybean Response to Drought and Seed
Inoculation. World Applied Sciences Journal 17, 7.
Salama, A. M., and Sinclair, T. R. (1994). Soybean Nitrogen Fixation and Growth as
Affected by Drought Stress and Potassium Fertilization. Journal of Plant
Nutrition 17, 1193–1203. doi:10.1080/01904169409364798.
Sebastian, J., Yee, M.-C., Viana, W. G., Rellán-Álvarez, R., Feldman, M., Priest, H. D.,
et al. (2016). Grasses suppress shoot-borne roots to conserve water during
drought. Proceedings of the National Academy of Sciences 113, 8861–8866.

19

Sedivy, E. J., Wu, F., and Hanzawa, Y. (2017). Soybean domestication: the origin,
genetic architecture and molecular bases. New Phytol 214, 539–553.
doi:10.1111/nph.14418.
Sessa, D. J. (2004). Processing of soybean hulls to enhance the distribution and extraction
of value-added proteins. J. Sci. Food Agric. 84, 75–82. doi:10.1002/jsfa.1612.
Shea Miller, S., Bowman, L.-A. A., Gijzen, M., and Miki, B. L. A. (1999). Early
Development of the Seed Coat of Soybean ( Glycine max ). Annals of Botany 84,
297–304. doi:10.1006/anbo.1999.0915.
Soybean Production Handbook (1987). Manhattan : Cooperative Extension Service,
Kansas State University.
SoyStats (2020). American Soybean Association. Available at: http://soystats.com/wpcontent/uploads/SoyStats2020_Web.pdf [Accessed June 11, 2021].
Sundaramoorthy, J., Park, G. T., Lee, J.-D., Kim, J. H., Seo, H. S., and Song, J. T. (2015).
Genetic and molecular regulation of flower pigmentation in soybean. J Korean
Soc Appl Biol Chem 58, 555–562. doi:10.1007/s13765-015-0077-z.
Tanaka, N., Kato, M., Tomioka, R., Kurata, R., Fukao, Y., Aoyama, T., et al. (2014).
Characteristics of a root hair-less line of Arabidopsis thaliana under physiological
stresses. Journal of Experimental Botany 65, 1497–1512. doi:10.1093/jxb/eru014.

20

Tian, Z., Wang, X., Lee, R., Li, Y., Specht, J. E., Nelson, R. L., et al. (2010). Artificial
Selection for Determinate Growth Habit in Soybean. Proceedings of the National
Academy of Sciences 107, 8563–8568. doi:10.1073/pnas.1000088107.
Turgeon, B. G., and Bauer, W. D. (1982). Early events in the infection of soybean by
Rhizobium japonicum . Time course and cytology of the initial infection process.
Can. J. Bot. 60, 152–161. doi:10.1139/b82-018.
U.S. Drought Monitor (2019). U.S. Drought Monitor. Available at:
https://droughtmonitor.unl.edu/CurrentMap.aspx [Accessed June 12, 2021].
U.S. Drought Monitor (2020). U.S. Drought Monitor. Available at:
https://droughtmonitor.unl.edu/CurrentMap.aspx [Accessed June 12, 2021].
USDA (2018). U.S. Department of Agriculture Foreign Agircultural Service. Available
at: https://www.fas.usda.gov/data/top-us-agricultural-exports-2017 [Accessed
June 11, 2021].
USDA (2020). United States Department of Agriculture National Agricultural Statistics
Service. Available at: https://www.nass.usda.gov/ [Accessed June 11, 2021].
Velasquez, S. M., Ricardi, M. M., Dorosz, J. G., Fernandez, P. V., Nadra, A. D., PolFachin, L., et al. (2011). O-Glycosylated Cell Wall Proteins Are Essential in Root
Hair Growth. Science 332, 1401–1403. doi:10.1126/science.1206657.

21

Xiong, R., Liu, S., Considine, M. J., Siddique, K. H. M., Lam, H., and Chen, Y. (2021).
Root system architecture, physiological and transcriptional traits of soybean
(Glycine max L.) in response to water deficit: A review. Physiologia Plantarum
172, 405–418. doi:10.1111/ppl.13201.
Yusuf, R. I., Siemens, J. C., and Bullock, D. G. (1999). Growth analysis of soybean
under no-tillage and conventional tillage systems. Agronomy Journal 91, 928–
933.
Zhao, T., Aleem, M., and Sharmin, R. A. (2018). “Adaptation to water stress in soybean:
morphology to genetics,” in Plant, abiotic stress and responses to climate change
(London: Intech Open), 33–68.

22

CHAPTER TWO
PARSIMONIOUS ROOT SYSTEMS AND BETTER ROOT DISTRIBUTION CAN
IMPROVE BIOMASS PRODUCTION AND YIELD OF SOYBEAN
Abstract
Soybean [Glycine max (L.) Merr.] is the most important oilseed and one of the most
important and affordable protein sources worldwide. Enhancing the acquisition of
belowground resources has been identified as an opportunity for improving soybean
productivity worldwide. Root system architecture is gaining interest as a selection criterion
in breeding programs for enhancing soil resource acquisition and developing climateresilient varieties. The objective of this research was to investigate whether root system
characteristics are related with aboveground growth and yield of 11 selected soybean
genotypes under rainfed conditions. Our goal was to identify beneficial root traits and
genotypes that can be included in breeding programs. Soybean genotypes were tested under
field conditions in 2019 and 2020 at two locations in South Carolina, in which one of the
locations was characterized by compacted soils. Our results demonstrated mechanisms
related with root production and distribution that will influence biomass production and
yield formation in soybean. The elite SC breeding line SC07-1518RR, exotic pedigree line
N09-12854, and slow wilting line N09-13890 were superior genotypes in terms of biomass
production, seed yield, and water use efficiency. Genotypes N09-12854 and N09-13890
demonstrated reduced root development (based on total root count and length), likely to
restrict belowground growth and allocate more resources for shoot growth. This
characteristic, which can be referred as a parsimonious root phenotype, might be
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advantageous for soybean improvement under optimal and drought conditions in highinput production systems (characterized by adequate fertilizer application and soil fertility)
that exist in many parts of the world. Genotype SC07-1518RR exhibited a similar strategy:
while it maintained its root system at an intermediate size through reduced levels of total
root count and length, it selectively distributed more roots at deeper depths (53-70 cm).
The increased root distribution of SC07-1518RR at deeper depths in compacted soil
indicate its root penetrability and suitability for clayey soils with high penetration
resistance. The beneficial root traits identified in this study (parsimonious root
development and selective root distribution in deeper depths) and the genotypes that
exhibited those traits (SC07-1518RR, N09-12854, and N09-13890) will be useful for
breeding programs in developing varieties for optimal, drought, and compacted-soil
conditions.

1

Introduction
Soybean [Glycine max (L.) Merr.] is the most important oilseed and one of the most

important and affordable protein sources worldwide (SoyStats, 2020). Soybean is the
second most-planted field crop, and the second most revenue-generating crop in the United
States (SoyStats, 2020). Brazil, United States, and Argentina are the major producers of
soybean in the world and together, they account for >80% of global soybean production
(SoyStats, 2020). Worldwide, soybean production is threatened by several environmental
stresses, drought being the major one among them (Specht et al., 1999; Oya et al., 2004;
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Purcell and Specht, 2004; Battisti and Sentelhas, 2015, 2017; Foyer et al., 2016; Kunert et
al., 2016; Zipper et al., 2016).
To date, soybean genetic improvement has primarily focused on increasing yield.
However, in recent years, root architecture is gaining interest as a selection criterion in
breeding programs (Lynch and Brown, 2001; Vance et al., 2003; Lynch, 2007, 2013;
Burridge et al., 2016, 2019; Liu et al., 2017). Recent research on plant roots supports the
reliability of incorporating root traits in crop improvement programs (Lynch, 2015). Lynch
(2019) proposed that breeding for individual root phenotypes related to yield under stress
has advantages over direct selection for yield because the underlying individual root phenes
[elemental unit of the phenotype (York et al., 2013)] are (a) controlled by simpler genetics
than that of yield, (b) are more robust and stable than yield per se, and (c) demonstrate less
genotype-by-environment interaction. Furthermore, recent advances in root research have
identified the usefulness of an ideotype breeding strategy where beneficial root phenes
from diverse sources are combined into a single elite genotype. This strategy has greater
potential to enhance yields than traditional yield-based selection (Donald, 1968; Peleman
and Van Der Voort, 2003; Lynch, 2015).
Root system architecture describes the spatial configuration of root system that
depends upon root morphology, topology, and distribution (Lynch, 1995). Root system
architecture influences crop performance under multiple environmental conditions, and
present opportunities for crop improvement (Lynch, 2019). For example, distribution of
more root length at shallow depth helps for greater tolerance to phosphorus deficiency (Ao
et al., 2010), whereas distribution of more root length at deeper depth helps for drought
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tolerance (Lynch and Wojciechowski, 2015; Ye et al., 2018). Soybean typically maintains
a root system architecture in which basal, hypocotyl, and primary root production are
balanced, which helps adapt to moderate drought or low-fertility conditions (Burridge et
al., 2020). To further improve its drought tolerance in high-input/fertility production
systems, a trait-based selection strategy to increase allocation to the primary root system
would be beneficial (Burridge et al., 2020). This is primarily because the maximum rooting
depth of soybean is determined by the depth of the primary root tip and the composite root
length density of secondary and tertiary roots originating from the primary root (Torrion et
al., 2012). From a crop improvement perspective, phenes that influence rooting depth and
are under distinct genetic control would be better selection criteria in breeding programs
rather than rooting depth per se (York et al., 2013; Lynch, 2015). Such root phenes will be
strongly associated with aboveground growth and yield if they reduce the metabolic costs
of soil exploration (Lynch, 2015).
Mechanical impedance in compacted soils often leads to reduced total root length
and/or redistribution of root length at various depths, and thus, affects the acquisition of
water and nutrients by plants (Shierlaw and Alston, 1984; Pfeifer et al., 2014). In the
southeastern United States and many other soybean growing regions, the soybean crop is
often grown on compacted soils. Furthermore, periodic droughts are common in most if
not all soybean production regions, and dry soils are generally more compact (To and Kay,
2005; Whalley et al., 2005; Vaz et al., 2011; Gao et al., 2012; Suralta et al., 2018). Roots
may confine to surface soil strata when they are unable to penetrate compacted soil zones
(Ehlers et al., 1983; Barraclough and Weir, 1988). Genotypes may adjust their root
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distribution with depth in response to soil compaction (Barraclough and Weir, 1988).
However few studies have investigated distribution of roots under compaction and
variability among genotypes for this trait.
Genetic mapping studies have identified quantitative trait loci (QTL) linked to root
phenotypes in field crops (Liao et al., 2004; Beebe et al., 2006; Ochoa et al., 2006). These
QTL’s offer opportunities for including beneficial root phenes in breeding programs
through marker-assisted selection, rather than more labor-intensive root phenotyping
(Steele et al., 2006, 2013). Even with the remarkable capabilities and ever decreasing cost
of genotyping, breeding efforts in soybean are still constrained by the inadequate
understanding of the fitness value of specific root phenotypes across diverse conditions
(Passioura, 2002; Lynch, 2019).
The objective of this study was to investigate whether root system characteristics
are related with aboveground growth and yield of 11 selected soybean genotypes under
rainfed conditions. Our goal was to identify beneficial root traits and genotypes that can be
included in breeding programs. Soybean genotypes were tested under field conditions in
multilocational trials, in which one of the locations was characterized by compacted soils.
The aboveground growth and performance of the genotypes were tested based on biomass
production, leaf area index, seed yield, soil water depletion, and water use efficiency. Root
production and root system size of the genotypes were characterized based on root count
and root length.
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2

Materials and Methods

Plant material
The soybean genotypes tested in this study included five cultivars [Boggs, NC-Roy,
NC-Raleigh, Crockett, and USDA-N8002)], a germplasm line (R01-581F), and five
breeding lines (N06-7023, N09-12854, N09-13890, SC-14-1127, and SC07-1518RR).
More details about the genotypes are given in Table 1. A breeding line is an un-released
genotype included in breeding programs, which can be released as a germplasm line or a
variety (Allard et al., 1991). A breeding line is released as a germplasm line if it has
promising traits, but does not have good agronomic performance, which is necessary to be
released as a variety. The soybean genotypes belonged to maturity groups (MG) V, VI,
VII, and VIII (n = 1, 3, 4, and 3, respectively), which are recommended soybean maturity
groups to be grown south of latitude 28˚N (Aldrich and Scott, 1970; Mourtzinis and
Conley, 2017). The genotypes were selected based on their unique features; for example,
slow wilting (leaf wilting is delayed by several days, under drying soil conditions) and
sustained nitrogen fixation under drought conditions - two major traits associated with
drought tolerance of soybean (Chen et al., 2007; Hufstetler et al., 2007; Sinclair et al., 2007;
King et al., 2009; Sadok et al., 2012). Two genotypes have an exotic pedigree (N09-12854
and SC-14-1127). Exotic germplasm has been found to be useful for increasing genetic
diversity of soybean and developing varieties with high yield and drought tolerance in the
United States (Carter Jr, 1999; Lee et al., 2002; Hufstetler et al., 2007). The study also
included a high-yielding conventional cultivar, NC-Raleigh and an elite South Carolina
breeding line, SC07-1518RR, which were developed for the southeastern production
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region of the United States and have produced high yields in multiple regional variety tests
(Burton et al., 2006; Clemson University, 2018; University of Georgia, 2018).
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Table 1. Characteristics of the soybean genotypes used in the study.
Genotype

Pedigree

Maturity

Characteristics/Comments Source of information

group
R01-581F

Jackson x KS

V

4895
Boggs

G81-152 x Coker

Geographical
origin

Sustained nitrogen fixation

Chen et al., 2007

AR, United States

under drought
VI

Intermediate in wilting

Boerma et al., 2000

GA, United States

VI

Slow wilting

SoyBase and the

NC, United States

6738
N06-7023

N98-7265 x N987288

Soybean Breeder’s
Toolbox, 2021

NC-Roy

Holiday x Brim

VI

Fast wilting

Burton et al., 2005

NC, United States

N09-12854

N7103 x

VII

Exotic pedigree

Gillen and Shelton,

NC, United States

PI408337-BB
N09-13890

TCPR-83 x 11136

2016
VII

Slow wilting

Gillen and Shelton,
2017
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NC, United States

NC-

N85-492 x N88-

Raleigh

480

VII

High-yielding conventional

Burton et al., 2006

NC, United States

SoyBase and the

SC, United States

cultivar in the southeastern
United States

SC-14-

NC Raleigh x PI

1127

378696B

VII

Exotic pedigree

Soybean Breeder’s
Toolbox, 2021

Crockett

PI 171451 x

VIII

Forage

Bowers, 1990

TX, United States

VIII

Elite South Carolina

SoyBase and the

SC, United States

breeding line

Soybean Breeder’s

Hampton 266
SC07-

SC01-809RR x

1518RR

G99-3211

Toolbox, 2021
USDA-

N7002 x N98-

N8002

7265

VIII

Slow wilting

Carter et al., 2016
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NC, United States

Experimental Sites and Plant Husbandry
Field experiments were conducted in the summer (June through November) of 2019 (season-1) and 2020 (season-2) at
two locations: the Piedmont Research and Education Center of Clemson University in Pendleton, SC, USA (34°37’15’’N,
82°43’58’’W and 255 m above sea level (a.s.l.) in 2019; 34°37’21’’N, 82°44’13’’W and 249 m a.s.l. in 2020) and the Pee Dee
Research and Education Center of Clemson University in Florence, SC, USA (34°18’24’’N, 79°44’38’’W and 40 m a.s.l. in
2019; 34°18’09’’N, 79°44’55’’W and 40 m a.s.l. in 2020). Both Pendleton (located in the northern part of SC) and Florence
(located in the south-eastern part of SC) represent major soybean producing areas in the state. Details of the experimental sites
and field operations are given in Table 2. The clayey soil at Pendleton was characterized by high levels of compaction
[penetration resistance of 2.07 MPa, which impose severe impedance to root growth (Cook et al., 1996; Bengough et al., 2011)
at 8 cm depth], whereas the sandy soil at Florence had lower levels of compaction (penetration resistance of 2.07 MPa at 31 cm
depth). Field plots were arranged in a randomized complete block with five replications at Pendleton and four replications at
Florence in both years. No irrigation was applied at both locations in both years.
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Table 2. Details of field operation.
Characteristic

Pendleton, SC

Florence, SC

s
2019
Soil type

2020

2019

2020

Cecil sandy loam

Cecil sandy loam

Norfolk loamy sand

Bonneau sand (loamy,

(clayey, kaolinitic,

(clayey, kaolinitic,

(fine-loamy, siliceous,

siliceous, subactive,

thermic Typic

thermic Typic

thermic Typic

thermic Arenic

Hapludults)

Hapludults)

Kandiudults)

Paleudults)

Previous crops

Soybean from June to

Maize (Zea mays L.)

Maize from April to

Cotton (Gossypium

for the

November in 2018

from March to

October in 2018, Wheat

hirsutum L.) from May to

September in 2019

(Triticum

September in 2019,

aestivum L.) from

wheat from October 2019

October 2018 to April

to April 2020

experimental
site

2019
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Tillage

Conventional tillage

Conventional tillage

No-till

Strip-tillage using a disk-

using a disk plow one

using a disk plow one

plow one week before

week before planting

week before planting

planting

Fertilizer

0-0-60 (N-P-KCl) at the

0-0-60 (N-P-KCl) at

Chicken litter at the rate

Chicken litter at the rate

application

rate of 414 kg ha-1 one

the rate of 414 kg ha-1

of 5604 kg ha-1 one week

of 5604 kg ha-1 one week

week prior to planting

one week prior to

prior to planting

prior to planting

planting
Pre-emergent

1. Envive

1. Boundary® 6.5 EC

Roundup (Glyphosate,

Roundup (Glyphosate,

herbicide

(Chloroimuron ethyl,

(S-metolachor and

N-

N-

application

Ethyl 2-[[[[(4-chloro-6-

Metribuzin) (Syngenta (phosphonomethyl)glyci

(phosphonomethyl)glyci

methoxypyrimidin-2-

Crop Protection,

ne) (Monsanto, St. Louis,

ne) (Monsanto, St. Louis,

yl)amino]carbonyl]amin

Greensboro, NC,

MO, USA) at the rate of

MO, USA) at the rate of

o]sulfonyl]benzoate,

USA) at the rate of 1.4 2.34 L ha–1 one week

2.34 L ha–1 two days

Flumioxazin, 2-[7-fluor-

L ha-1 one day after

prior to planting

34

prior to planting

3,4-dihydro-3oxo-4-(2-

planting

propynyl)
-2H-1,4-benzoxazin-6-

2. Prowl® H2O

yl]-4,5,6,7-

(pendimethalin: N-(1-

tetrahydro1H-isoindole-

ethylpropyl)-3,4-

1,3(2H)-dione and

dimethyl-2,6-

Thifensulfuron methyl,

dinitrobenzenamine)

Methyl 3-[[[[(4-

(BASF Corporation,

methoxy-6-methyl-

Research Triangle

1,3,5- triazin-2-

Park, NC, USA) at the

yl)amino]carbonyl]amin

rate of 2.8 L ha-1 one

o] sulfonyl]-2-

day after planting

thiophenecarboxylate)
(Dupont, Wilmington,
DE, USA) at the rate of
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0.29 L ha-1 on the day of
planting

2. Prowl® H2O
(pendimethalin: N-(1ethylpropyl)-3,4dimethyl-2,6dinitrobenzenamine)
(BASF Corporation,
Research Triangle Park,
NC, USA) at the rate of
2.8 L ha-1 on the day of
planting

36

Post-emergent

None

1. Reflex (Sodium salt

herbicide

of fomesafen 5-[2-

application†

chloro-4(trifluoromethyl)phen
oxy]-N(methylsulfonyl)-2nitrobenzamide)
(Syngenta,
Wilmington, DE,
USA) at the rate of 2.1
L ha-1 at 76 days after
planting
2. Select Max® ((E)-2[1-[[(3-chloro-2-
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None

None

propenyl)oxy]imino]p
ropyl]-5[2-(ethylthio)propyl]3-hydroxy-2cyclohexen-1-one)
(Valent USA,
Snellville, GA, USA)
at the rate of 0.58 L
ha-1 at 76 days after
planting
Pesticide

Bifenthrin 2EC ((2

Lambda-Cy 1EC

application

methyl[1,1–biphenyl]-3-

(Lambda-cyhalothrin

yl)methyl 3-(2-chloro-

[1α(S*),3α(Z)]-(±)-

3,3,3- trifluoro-1-

cyano-(3-

propenyl)-2,2-dimethyl-

phenoxyphenyl)

38

None

None

cyclopropanecarboxylat

methyl-3-(2-chloro-

e) (Willowood LLC,

3,3,3,-trifluoro-1-

Roseburg, OR, USA) at

propenyl)-2,2-

the rate of 0.44 L ha-1 at

dimethylcyclopropane

85 days after planting to

carboxylate)

control kudzu bug

(Willowood LLC,

(Megacopta cribraria)

Roseburg, OR) at the
rate of 0.14 L ha-1 at
113 days after
planting to control
kudzu bug

Plot size

6.1 m by 3.0 m

6.1 m by 3.0 m

6.1 m by 3.0 m

6.1 m by 3.0 m

Planting date

27 June 2019

2 June 2020

11 June 2019

15 June 2020

Planting depth

4 cm

4 cm

4 cm

4 cm
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Type of planter

4-row cone planter

4-row cone planter

4-row dynamic disc

4-row dynamic disc

(Almaco, Nevada, IA,

(Almaco, Nevada, IA,

planter (Wintersteiger,

planter (Wintersteiger,

USA)

USA)

Salt Lake City, UT,

Salt Lake City, UT,

USA)

USA)

Seeding rate

400,417 seeds ha-1

430,556 seeds ha-1

387,500 seeds ha-1

430,556 seeds ha-1

Row spacing

1m

1m

1m

1m

Number of

4

4

4

4

rows per plot
†

In addition to post-emergent application of herbicides, hand-weeding was performed at both locations whenever needed.
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Aboveground measurements: biomass production, leaf area index, soil water
depletion by crop, water use efficiency, and seed yield
In 2019, biomass was hand-harvested from five consecutive plants from the 4th row
of each plot at 118, 130, and 146 days after planting (DAP) at Pendleton. Biomass was not
measured in 2019 at Florence. In 2020, biomass was hand-harvested from 1 m of the 4th
row of each plot at both locations. Biomass was harvested at 49, 79, 104, and 127 DAP at
Pendleton and 47, 86, and 119 DAP at Florence in 2020. Biomass samples were dried to
constant weight at 70°C (Wahbi et al., 2018) to determine dry weight. Biomass was
calculated on a land-area basis (kg ha-1), using row spacing and row length of harvested
plants.
Leaf area index (LAI) was measured using a plant canopy analyzer (LAI-2200C;
LI-COR Biosciences, Lincoln, NE, USA) at 134 DAP in 2019 and 78 DAP in 2020 at
Pendleton and at 101 DAP in 2019 and 78 DAP in 2020 at Florence. This instrument
estimates LAI as a function of canopy transmittance of diffused solar radiation (Welles and
Norman, 1991). Measurements in each plot consisted of a single reading of diffused
radiation above the canopy and seven readings of diffused radiation below the canopy. All
readings were taken within 4 min to minimize atmospheric variation. The LAI was solved
analytically using the LI-COR software to obtain a single LAI value for each plot.
To measure crop water use, soil water content was measured by a neutron
thermalization method using a neutron moisture meter (CPN 503 Elite™ HydroProbe at
Pendleton and CPN 503DR HydroProbe® at Florence. Both probes are manufactured by
Instrotek Inc., Raleigh, NC, USA). For the neutron moisture meter to get access to the soil
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profile, a hollow aluminum tube with an outside diameter of 5.08 cm and length of 1.2 m
with a capped bottom was inserted into the ground vertically using a tractor mounted AMS
9110 Ag Probe (AMS, Inc., American Falls, ID, USA). The aluminum access tubes were
installed in the 2nd row of each plot. The access tubes were closed at the top by aluminum
softdrink cans to prevent water from getting into the tube. The neutron moisture meter
consists of two main components, a probe that contains a source of fast neutrons and a
gauge that monitors the flux of slow neutrons scattered by the soil. To measure volumetric
water content, the neutron moisture meter was lowered into the access tube, where it emits
fast neutrons. The fast neutrons interact with hydrogen in the soil water and thermalize
(slow down) to slow neutrons. The thermal or slow neutrons are then detected by the gauge.
An increase in water content results in a proportional increase in thermal neutrons that are
counted by the gauge. The neutron moisture meter was calibrated locally for the specific
soil types at both locations following the manufacturer’s protocol. On each soil moisture
measurement date, a single count (reading) was taken by the gauge at each desired depth
with 15 sec as the count time for the length of a reading. The moisture counts were divided
by the average of three standard counts collected on that measurement date to obtain count
ratios (count divided by standard count). Standard counts were taken with the neutron
moisture meter locked in the polypropylene shielding positioned on top of the transport
case. When taking standard counts, the moisture meter was at least 0.6 m away from any
material that could influence the count. The count ratios were converted to volumetric
water content based on a probe specific calibration equation provided by the manufacturer.
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The volumetric water content (m3 m–3) was determined at 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 m depths at 118, 130, and 146 DAP at Pendleton in 2019. Data on volumetric water
content were not collected at Florence in 2019. In 2020, the volumetric water content (m3
m–3) was determined at 0.15, 0.30, 0.45, 0.60, 0.75, and 0.85 m depths at both locations.
The volumetric water contents were measured at 48, 79, 106, and 128 DAP at Pendleton
and 46, 80, and 120 DAP at Florence in 2020. The total stored soil water (m) to specific
depths (0.60 m in 2019 and 0.85 m in 2020) in each plot was estimated using individual
volumetric soil water content values at various depths and the respective depth intervals
with the following formula (Narayanan et al., 2013; St Aime et al., 2020):

Total stored soil water (m) to a depth of 0.6 m in 2019 = 0.1 x sum of individual
volumetric soil water contents at 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 m depths
[Equation -1]

Total stored soil water (m) to a depth of 0.85 m in 2020 = (0.15 x sum of individual
volumetric soil water contents at 0.15, 0.30, 0.45, 0.60, and 0.75 m depths) + (0.1 x
volumetric soil water content at 0.85 m depth)
[Equation -2]

Soil water depletion (evapotranspiration) in each plot between two specific watermonitoring dates was calculated as the difference between the total stored soil water (within
0.60 m in 2019 and 0.85 m in 2020) at the two monitoring dates + precipitation during that
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time interval. Precipitation data pertaining to the Pendleton experimental site were obtained
from the National Centers for Environmental Information (NCEI) of National Oceanic and
Atmospheric Administration (NOAA), using the weather station closest to the field (Sandy
Springs 2 NE, SC, US). Precipitation data pertaining to the Florence experimental site were
obtained from the Clemson University’s Pee Dee Research and Education Center Weather
Station (https://www.clemson.edu/cafls/research/peedee/weather.html). The water use
efficiency values of each genotype for a period between 118 and 146 DAP at Pendleton in
2019, 48 and 128 DAP at Pendleton in 2020, and 46 and 120 DAP at Florence in 2020
were calculated as the ratio between biomass production and soil water depletion during
the respective time interval (St Aime et al., 2020). Water use efficiency was not estimated
at Florence in 2019 as data on volumetric water content were not collected at Florence in
that year.
At harvest maturity (growth stage R8), plants were harvested for measuring seed
yield. In 2019, all plants from a 1-m length of the 2nd row of each plot were harvested at
Pendleton on November 20th (146 DAP). Harvested plants were dried to constant weight
and seeds were separated and weighed. All plants from the 2nd and 3rd row of each plot
were harvested using an Almaco SPC 20 combine (Almaco, Nevada, IA, USA) on
November 18th (169 DAP) at Pendleton in 2020. Similarly, all plants from the 1st and 2nd
row of each plot were harvested using a Quantum plot combine (Wintersteiger Inc., Salt
Lake City, UT, USA) on November 14th (156 DAP) in 2019 and November 20th (158 DAP)
in 2020 at Florence. The combines directly provided the seed weights. At both locations,
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seed yield (kg ha-1) was calculated for each plot by dividing the weight of the seeds by the
harvested area (harvested area was calculated using the harvested length and row spacing).

Root imaging and measurements
Root growth dynamics were measured using a mini-rhizotron system (CI-602 Narrow
Gauge Root Imager (CID-Bioscience, Camas, WA, USA) (Taylor et al., 1990). This system
consists of a cylindrical scanner and acrylic clear tubes allowing for non-destructive and
repeated monitoring of root growth through the crop growth season (Kirkham et al., 1998;
Dannoura et al., 2008). For the root scanner to get access to the soil profile, clear acrylic
minirhizotron tubes with 0.06 m outside diameter and 1.05 m length (CID BioScience,
Camas, WA, USA) were inserted at the second row of each plot at 33 DAP in 2019 and 27
DAP in 2020 at Pendleton and at 41 DAP in 2019 and 1 DAP in 2020 at Florence. To
install the acrylic tubes in the soil, soil cores (diameter, 0.07 m) were taken out using a
tractor mounted AMS 9110 Ag Probe (AMS, Inc., American Falls, ID, USA) and then, into
the resulting holes, the acrylic tubes were inserted. Any gaps in the holes were filled with
soil. The tubes were capped at the bottom. The tubes were inserted at a 45° angle from
vertical, with the angle aligning parallel to the row beneath the plants. The top of the tubes
was covered with a cap to prevent entry of rainwater. Images of the root system were
acquired by inserting the CI-602 Narrow Gauge Root Imager into the acrylic tubes. Each
image represented a 360-degree view of the root zone facing the tube and was 21.6 × 18.2
cm in size. Four images were taken per rhizotron access tube at four different depths (∼0–
18, 19–35, 36–52, and 53–70 cm). Root images were analyzed using the RootSnap!
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software Version 1.3.2.25 (CID BioScience, Camas, WA, USA) to get root count (total
number of roots visible in the imaging area) and root length (sum of the lengths of all roots
visible in the imaging area) at four different depths. Total root count and total root length
were calculated per rhizotron access tube as the sum of the root count or root length values
from the four images per tube. The root images were collected at 105, 120, 131, and 145
DAP in 2019 and 44, 77, 105, and 129 DAP in 2020 at Pendleton and at 129 and 154 DAP
in 2019 and 44 and 80 DAP in 2020 at Florence.

Statistical analysis
Analysis of variance was performed on genotypes using the GLIMMIX procedure in SAS
(version 9.4, SAS Institute, Cary, NC, USA) for aboveground traits and root traits. The
probability threshold level (α) was 0.05. Genotype was considered as a fixed effect, and
replication as a random effect. Separation of least squares means was performed using the
Fisher’s least significant difference (LSD) test (α = 0.05) using the LSMEANS option in
the GLIMMIX procedure.

3

Results

Environmental Conditions
Figure 1 shows air temperature and precipitation data during the crop growing seasons at
Pendleton and Florence in 2019 and 2020, in comparison with the 30-year climate normals.
Daily average temperatures were higher than that of the 30-year normal during 4-26, 41-
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57, 66-84, 87-108, and 121-127 DAP at Pendleton in 2019, 72-81, 86-91, 114-123, 126137, and 143-154 DAP at Florence in 2019, and 57-66, 68-73, 87-98, 105-120, and 136142 DAP at Florence in 2020 (Figure 1A). The crop growing seasons were significantly
drier than normal based on the 30-year historic precipitation data, at Pendleton in 2019 and
2020 and at Florence in 2019 (Figure 1B). Total precipitation was 28 cm during the 146-d
period at Pendleton in 2019, 51 cm during the 169-d period at Pendleton in 2020, 39 cm
during the 156-d period at Florence in 2019, and 68 cm during the 158-d period at Florence
in 2020 (Figure 1B). Although it depends on maturity group and location, soybean plants
require ~ 75 cm of water during the growing season to achieve the maximum potential
yield (Corey, 2021). Hence, 2019 can be considered as a drought season for soybean crop
at both locations. The distribution of precipitation was suboptimal at both locations in 2019.
At Florence, a hurricane occurred on 9/4/2019 (85 DAP), which brought in 6 cm rain. After
that, Florence experienced a long dry spell for a period of 27 d from 09/07/2019 (88 DAP)
to 10/04/2019 (115 DAP). The only precipitation during this period at this location was a
1-cm rainfall at 94 DAP. A long dry spell occurred at Pendleton for a period of 37 d from
08/29/2019 (63 DAP) to 10/05/19 (100 DAP). The only precipitation during this period at
this location was a 1-cm rainfall at 79 DAP.

47

(B)

40

Florence

30

30

20

20

10
0
60

10

2019
2020
30-year normal
(C)

Pendleton

(D)

0

Florence

60

N

ov
em

be
r

O
ct
ob
er

be
r

pt
em

Se

A

be
r

N

ov
em

be
r

pt
em

Se

A

ug
us
t

0

Ju
ly

0

Ju
ne

20

O
ct
ob
er

20

ug
us
t

40

Ju
ne

40

Daily average temperature (°C)

Pendleton

Cumulative precipitation (cm)

(A)

Ju
ly

Daily average temperature (°C)
Cumulative precipitation (cm)

40

Figure 1 | Daily average temperatures (A&B) and cumulative precipitation (C&D) during
the soybean growing seasons at Pendleton, SC and Florence, SC in 2019 and 2020 in
comparison with the historic weather data (daily average temperature normals for a period
of 30 years from 1991 to 2020 in panels A&B and cumulative precipitation normals for the
same 30-year period in panels C&D). The soybean growing seasons spanned from June
27th to November 20th in 2019 and June 2nd to November 18th in 2020 at Pendleton and
June 11th to November 14th in 2019 and June 15th to November 20th in 2020 at Florence.
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Aboveground Traits: Biomass Production, Leaf Area Index, Seed Yield, Soil Water
Depletion by Crop, and Water Use Efficiency
Overall, the elite SC breeding line SC07-1518RR, the exotic pedigree line N09-12854,
slow wilting line N09-13890, and forage variety Crockett had relatively high biomass
during the season at both locations (Figure 2). Genotypes SC07-1518RR and N09-12854
also had high leaf area index at both locations (Figure 3). N09-12854 was also one among
the genotypes with the highest seed yield at both locations (Figure 4). SC07-1518RR and
Crockett had either relatively high or intermediate seed yield (Figure 4). N09-13890 was
one of the genotypes with high seed yield at Pendleton in 2019 and at Florence in 2020
(Figure 4). We also measured soil water depletion by genotypes between the first and last
measurement dates of biomass production. We found that the genotypes that produced high
biomass and/or seed yield: SC07-1518RR, N09-12854, N09-13890, and Crockett did not
deplete more soil water than the other genotypes, indicating that they just used equal
amounts of water as the other genotypes (Figure 5). This result demonstrated that the
superior performance of these genotypes in terms of biomass and/or seed yield was not the
result of increased water use. The same genotypes (SC07-1518RR, N09-12854, N0913890, and Crockett) also ranked among the best for water use efficiency when grown
under clayey soil conditions at Pendleton in 2020 (Figure 6). Genotypes did not differ for
water use efficiency when grown under sandy soil conditions at Florence or in the drought
year of 2019 at Pendleton (Figure 6).
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Figure 2 | Biomass production of the soybean genotypes at Pendleton (2019, Panel A and
2020, Panel B) and Florence (2020, Panel C) in South Carolina. Biomass was not
measured at Florence in 2019. Asterisk shows differences among genotypes based on the
Fisher’s least significant difference (LSD) test at α = 0.05. Most genotypes reached R4
growth stage by 118 days after planting (DAP) and R7 or R8 growth stage by 146 DAP at
Pendleton in 2019. Most genotypes reached V8, R4, R5, and R6 growth stages by 49, 79,
104, 127 DAP, respectively, at Pendleton in 2020. Most genotypes reached V7, R5, and
R7 growth stages by 47, 86, and 119 DAP, respectively, at Florence in 2020.
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Figure 3 | Leaf area index of the soybean genotypes at Pendleton and Florence in 2019 and
2020. Bars represent least squares means and error bars represent standard errors. Least
squares means with different letters are significantly different according to the Fisher’s
least significant difference (LSD) test at α < 0.05. DAP–days after planting. Most
genotypes were at R5 or R6 growth stage by 134 DAP at Pendleton in 2019. Most
genotypes reached R4 growth stage by 78 DAP at Pendleton in 2020, R2 growth stage by
101 DAP at Florence in 2019, and R4 growth stage by 78 DAP at Florence in 2020.
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Figure 4 | The seed yield of the soybean genotypes at Pendleton and Florence in 2019 and
2020. Seeds were harvested at full maturity (growth stage, R8) at 146 and 169 days after
planting at Pendleton in 2019 and 2020, respectively, and 156 and 158 days after planting
at Florence in 2019 and 2020, respectively. Bars represent least squares means and error
bars represent standard errors. Least squares means with different letters are significantly
different according to the Fisher’s least significant difference (LSD) test at α < 0.05.
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53

Raleigh) was due to rain damage to the access tubes installed in the plots for soil moisture
measurement. Least squares means with different letters are significantly different
according to the Fisher’s least significant difference (LSD) test at α < 0.05. DAP–days after
planting. Most genotypes reached R5 or R6 growth stage by 130 DAP and R7 or R8 growth
stage by 146 DAP at Pendleton in 2019. Most genotypes reached V8 and R6 growth stages
by 48 and 128 DAP, respectively, at Pendleton in 2020. Most genotypes reached V7 and
R7 growth stages by 46 and 120 DAP, respectively, at Florence in 2020.

54

50

(A)

Pendleton
2019 (118-146 DAP)
a

35
a

a

a

a

a
a

20

a

a

a

5
Pendleton
2020 (48-128 DAP)

1850
ab

1550
1250
950

650

ab

a
ab

abc

bc

bc

c

Florence
2020 (46-120 DAP)

(C)

1050
850

ab abc

abc

a

a
a

a
a

450

a

a

a
a

a

a

NC-Roy
N09-12854
N09-13890
NC-Raleigh
SC-14-1127
Crockett
SC07-1518RR
USDA-N8002

250

R01-581F
Boggs
N06-7023

Water use efficiency
-3
(g m )

2150 (B)

55

Figure 6 | Water use efficiency of the soybean genotypes at Pendleton (A) in 2019 and
2020 (B) and Florence in 2020 (C). Water use efficiency was not measured at Florence in
2019. Least squares means with different letters are significantly different according to the
Fisher’s least significant difference (LSD) test at α < 0.05. DAP–days after planting. Most
genotypes reached V8 and R6 growth stages by 48 and 128 DAP, respectively, at Pendleton
in 2020. Most genotypes reached V7 and R7 growth stages by 46 and 120 DAP,
respectively, at Florence in 2020.

Root System Development
Root system development was measured at multiple times during crop development at both
locations and in both years. Two root traits that define the amount of roots produced and
size of the root system: total root count and total root length, respectively are presented in
Figure 7. The root growth was greater by approximately twofold in the sandy soil at
Florence, compared to that in the clayey/compacted soil at Pendleton. Differences in root
traits among genotypes became more prominent toward the later part of the growth cycle
(≥80 DAP) at both locations (Figure 7). Overall, Boggs, USDA-N8002, and NC-Raleigh
had relatively greater and N09-13890 had relatively lower total root count and total root
length than the other genotypes at Pendleton in 2019 (Figure 7A&B). Other genotypes were
intermediate. In 2020, NC-Raleigh had relatively greater and N09-12854 and N09-13890
had relatively lower total root count and total root length than the other genotypes at
Pendleton (Figure 7C&D), and other genotypes were intermediate. At Florence, Boggs and
NC-Raleigh had relatively greater and Crockett and N09-13890 had relatively lower total
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root count and total root length than the other genotypes in 2019 (Figure 7E&F). In 2020,
N09-12854 had relatively lower total root count and total root length than the other
genotypes at Florence (Figure 7G&H). Other genotypes were more or less similar in terms
of these root traits.
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Figure 7 | Changes in total root count and total root length of the soybean genotypes in
2019 and 2020 at Pendleton and Florence. Asterisk shows differences among genotypes
based on the Fisher’s least significant difference (LSD) test at α = 0.05. DAP–days after
planting. Most genotypes reached R1 or R2 growth stage by 105 DAP, R4 growth stage by
120 DAP, R5 or R6 growth stage by 131 DAP, and R7 or R8 growth stage by 145 DAP at
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Pendleton in 2019. Most genotypes reached V7, R4, R5, and R6 growth stages by 44, 77,
105, 129 DAP, respectively, at Pendleton in 2020. Most genotypes reached R6 growth
stages by 129 DAP and R7 or R8 growth stage by 154 DAP at Florence in 2019. Most
genotypes reached V7 and R4 growth stages by 44 and 80 DAP, respectively, at Florence
in 2020.

Root Production and Root System Size at Various Depths
We also estimated root count and root length at various depths: ~ 0-18, 19-35, 3652, and 53-70 cm. SC07-1518RR showed relatively uniform distribution of roots at various
depths in terms of root count and root length at Pendleton in 2019, while multiple
genotypes showed decreases in these root traits at deeper depths (53-70 cm) (Figure 8AH). SC07-1518RR was one among the genotypes that possessed the highest values for root
count and root length at 53-70 cm depth (Figures 8A-H). Furthermore, this genotype
demonstrated a significant increase in root distribution at deeper depths (≥36 cm) than at
shallower depths at the end of the season (145 DAP). N09-12854 was low or intermediate
in terms of root count and root length at all depths (Figure 8A-H). The root count and root
length of NC-Raleigh were high until the depth of 35 cm, but they decreased in deeper
depths. Overall, N06-7023 and N09-13890 had low root count and root length at all depths
(Figure 8A-H). In 2020, NC-Raleigh generally had the highest root count and root length
at all depths, except 53-70 cm, at Pendleton (Figure 8I-P). SC07-1518RR was similar to
other genotypes in terms of root count and root length at shallower depths (0-52 cm), but
it increased these root traits at deeper depths (53-70 cm) and had the highest values for root
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count and root length at deeper depths (Figure 8I-P). N09-12854 showed relatively low
root count and root length at all depths (Figure 8I-P).
At Florence, NC-Raleigh showed high root count and root length between 19 and
52 cm depth, but low root count and root length at the first 18 cm and after 52 cm depth
(Figure 8Q-T). N09-12854 was intermediate in terms of root count and root length at all
depths (Figure 8Q-T). SC07-1518RR was intermediate in terms of root count and root
length at depths ≤52 cm, but was one among the genotypes with high values for these root
traits at deeper depths (53-70 cm) (Figure 8Q-T). In 2020, at the same location, SC071518RR was just intermediate or low in root count and root length at all depths (Figure
8U-X). N09-12854 also showed low root count and root length at all depths (Figure 8UX).
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Figure 8 | Root count and total root length of soybean genotypes at various depths at
Pendleton and Florence in 2019 and 2020. Asterisk shows differences among genotypes
based on the Fisher’s least significant difference (LSD) test at α = 0.05. DAP–days after
planting. Most genotypes reached R1 or R2 growth stage by 105 DAP, R4 growth stage by
120 DAP, R5 or R6 growth stage by 131 DAP, and R7 or R8 growth stage by 145 DAP at
Pendleton in 2019. Most genotypes reached V7, R4, R5, and R6 growth stages by 44, 77,
105, 129 DAP, respectively, at Pendleton in 2020. Most genotypes reached R6 growth
stages by 129 DAP and R7 or R8 growth stage by 154 DAP at Florence in 2019. Most
genotypes reached V7 and R4 growth stages by 44 and 80 DAP, respectively, at Florence
in 2020.

4

Discussion
In this study, we investigated whether root system characteristics influence biomass

production and yield formation of 11 selected soybean genotypes under rainfed conditions
with a goal of identifying beneficial root traits that can be included in breeding programs.
The soybean genotypes included cultivars and breeding/germplasm lines selected based on
traits related with drought tolerance (slow wilting and sustained nitrogen fixation under
drought), exotic pedigree, and elite performance in South Carolina. The study was
conducted in South Carolina (southeastern United States) at two locations characterized by
two different soil types: clayey (Pendleton) and sandy (Florence), in two years, 2019 and
2020. The elite SC breeding line SC07-1518RR, exotic pedigree line N09-12854, and slow
wilting line N09-13890 were superior genotypes in terms of biomass production and/or
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yield at both locations and in both years (Figure 2). These genotypes exhibited some
interesting root-related mechanisms that might have potentially contributed to increased
biomass production and yield formation.
N09-12854 was one of the genotypes with low values for total root count and total
root length at both locations in 2020, which was a relatively normal year in terms of
precipitation (Figure 7). In the same year, N09-12854 was one among the genotypes with
high values for leaf area index (Figure 3). This suggests that this genotype favored
aboveground growth over belowground growth when precipitation and water availability
were normal. Furthermore, N09-12854 was one of the genotypes with high biomass
production and seed yield at both locations in 2020 (Figures 2&4). Increased aboveground
growth, and thus increased biomass production, while restricting belowground growth
helped this genotype possess high values for water use efficiency without increasing water
use (Figures 5&6). Since soil water depletion by N09-12854 was similar to that by other
genotypes (Figure 5), the increased biomass and seed yield of N09-12854 were not the
results of increased water use. These observations support the parsimonious root
hypothesis, which refers to reduced root development that would be advantageous for
annual crops grown for seed yield in high input production systems (Lynch, 2018). In such
production systems, application of fertilizers, herbicides, and pesticides and other crop
management methods have minimized crop growth limitations from scarcity of nutrients
(especially nitrogen and phosphorous), root loss due to biotic stresses, and root competition
with weeds (Lynch, 2013, 2018). Thus, rather than a prolific root system, a parsimonious
root phenotype that optimize water capture by reducing investments in cells, tissues, and
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organs with unfavorable cost/benefit ratio would be more advantageous in high-input
production systems. Parsimonious architectural phenotypes of annual crops grown for seed
yield include reduced number of axial roots, reduced lateral root length and density, and
loss of roots that do not contribute to water capture. Parsimonious anatomical phenotypes
include reduced cortical cell file number and reduction of cortical parenchyma through
formation of aerenchyma and senescence (Lynch, 2018). Many of these characteristics
directly influence root morphological traits such as total root length. Thus, if water
availability is not limiting crop growth in the high input production system, plants do not
have to partition increased levels of assimilates belowground to increase root production.
Instead, they can selectively partition the assimilates aboveground to increase effective
photosynthetic area, which can contribute to increased seed yield.
In 2019, which was a drought year, N09-12854 had intermediate values for total
root count and total root length. This suggests that when water was scarce, this genotype
increased its root production and root system size to maintain resource capture. The
modified root system might have helped this genotype maintain aboveground growth as it
was one among the best genotypes in terms of biomass production, leaf area index, and
seed yield at both locations in 2019 (Figures 2-4).
The slow wilting line N09-13890 had low values for total root count and root length
regardless of the years and locations. This genotype was one of the best genotypes in terms
of biomass production and water use efficiency. It also demonstrated low values for soil
water depletion, indicating low water use (Figure 5). Parsimonious root systems often
associate with moderate water acquisition capacity, which in turn results in parsimonious
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water use and high water use efficiency, and can help conserve soil water until maturity
(Burridge et al., 2020). Our results suggest that a parsimonious root system (reduced root
production and root system size) may be related with the slow wilting trait of N09-13890.
SC07-1518RR was one of the best genotypes in terms of biomass production and
leaf area index at both locations in both years (Figures 2&3). It also had relatively high or
intermediate seed yield (Figure 4). But, it possessed only intermediate values for total root
count and total root length at both locations and in both years (Figure 7). This suggests that
similar to N09-12854 and N09-13890, this genotype also did not produce more roots and
increase root system size to support aboveground growth. However, SC07-1518RR
distributed more roots in the deeper depths (53-70 cm) (Figure 8). At Pendleton, this
genotype generally had the largest numerical values for root count and root length at 5370 cm depth throughout the season in both years. The clayey soil of Pendleton experimental
field was characterized by high compaction (penetration resistance of 2.07 MPa just at 8
cm depth). Soil compaction generally reduces rooting depth in plants and modifies root
distribution by enforcing greater root length densities closer to the soil surface (Vanhees et
al., 2021). Typically, root elongation is halved in compacted soils with penetration
resistances of 0.8–2 MPa, in the absence of water stress (Bengough et al., 2011). Only the
genotypes with high root penetrability of compacted soils will exhibit roots at deeper
depths, and our data suggest that SC07-1518RR is one such genotype. The root
penetrability of SC07-1518RR is supported by our previous research in which the same
genotype penetrated a synthetic hardpan placed in the growth columns under controlled
environmental conditions (Fried et al., 2019). Deep rooting is especially advantageous for
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plants in drought years like 2019. Greater rooting depth has been found to improve yields
when subjected to terminal drought in multiple species including soybean (Fenta et al.,
2014a), chickpea (Cicer arietinum L.; (Gaur et al., 2008; Kashiwagi et al., 2008)), and
groundnut (Arachis hypogaea L.; (Jongrungklang et al., 2012; Koolachart et al., 2013)). In
the sandy soil of Florence, SC07-1518RR was one among the genotypes with the highest
values for root count and root length in the deeper depths (53-70 cm) in the drought year,
2019 (Figure 8). However, it appears that, in the same location when precipitation was
normal in 2020, this genotype did not invest much in root system, and its root count and
root length values were low or intermediate at all depths (Figure 8). Our results suggest
that SC07-1518RR possesses some interesting characteristics related with root system
development and root distribution in the soil profile. This genotype does not increase total
root production and root system size at the expense of aboveground growth (leaf area and
biomass). Instead, it improves root distribution in the soil profile, and can selectively
distribute roots in the deeper soil profile, especially when water availability is low in the
upper soil profile. Under compacted soil conditions, when most genotypes are unable to
penetrate to deep soil layers, this genotype is able to do that and preferentially distribute
roots in deeper depths. This trait will be advantageous for improving soybean performance
in clayey/compacted soils, particularly under drought conditions.
Vanhees et al. (2021) found that maize (Zea mays L.) rooting depth is not dependent
on the total amount of roots formed and root length under compacted soil conditions as
both large and parsimonious root systems reach similar depths. This is because the ability
of roots to grow through compacted soil is not dependent on the total amount of roots
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formed, instead some morphological and anatomical traits. It was found in maize that the
frictional resistance to root growth in compacted soils is reduced by sloughing of root cap
cells and mucilaginous exudates produced by roots (Bengough and McKenzie, 1997; Iijima
et al., 2000, 2004). Colombi et al. (2017) found that smaller root tip radius-to-length ratio
helps wheat roots penetrate compacted soils. Root tip traits that decrease frictional
resistance and axial cell wall tension are also beneficial to root penetration (Bengough et
al., 2011). Root anatomical traits also help overcome mechanical impedance. Examples are
greater cortical cell diameter that reduces energy costs under impeded conditions (Colombi
et al., 2019) and smaller outer cortical cells that prevent buckling and facilitate penetration
of harder layers (Chimungu et al., 2015).
NC-Raleigh exhibited a contrasting root phenotype to that of SC07-1518RR and
N09-12854. NC-Raleigh had relatively higher values for total root count and total root
length (Figure 7). At the same time, it produced relatively low or intermediate amounts of
biomass, leaf area, and/or seed yield and had similar values for water use efficiency as
other genotypes (Figures 2-4, 6). These results support the postulate that the reduced root
development of SC07-1518RR, N09-12854, and N09-13890 might have helped reduce
metabolic cost for root production and enhance allocation of resources to shoot growth,
which are advantages of a parsimonious root phenotype. These effects would be more
apparent under high input production systems that typically exist in the United States,
where genotypes with parsimonious root phenotypes will exhibit enhanced conversion of
soil resources to yield (Lynch and Brown, 2012; Lynch, 2018). Such reduced root
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development could be advantageous for drought tolerance as well in high-input production
systems (Lynch, 2018).

Conclusions
Our results demonstrated mechanisms related with root production and distribution that
will influence biomass and yield formation in soybean. The elite SC breeding line SC071518RR, exotic pedigree line N09-12854, and slow wilting line N09-13890 were superior
genotypes in terms of biomass production, seed yield, and water use efficiency. Genotypes
N09-12854 and N09-13890 demonstrated reduced root development, likely to restrict
belowground growth and allocate more resources for shoot growth. This characteristic,
which can be referred as a parsimonious root phenotype, might be advantageous for
soybean improvement under optimal and drought conditions in high input production
systems that typically exist in the United States. Genotype SC07-1518RR exhibited a
similar strategy: while it maintained its root system at an intermediate size, it selectively
distributed more roots at deeper depths (53-70 cm). The increased root distribution of
SC07-1518RR at deeper depths in the compacted soil at Pendleton indicate the root
penetrability of this genotype and its suitability for clayey soils with high penetration
resistance. The beneficial root traits identified in this study (parsimonious root
development and selective root distribution in deeper depths) and the genotypes that
exhibited those traits (SC07-1518RR, N09-12854, and N09-13890) will be useful for
breeding programs in developing varieties for optimal, drought, and compacted-soil
conditions.
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Future Research

Given that the root anatomical features in plants influence root system architecture
(especially root distribution and rooting depth), the soybean genotypes which had
beneficial root architecture in this research could be studied to evaluate any underlying
anatomical traits. This might help identifying the genes related with specific root phenes
that contribute to beneficial root phenotypes, which would in turn assist in identifying the
associated molecular markers.
In the United States, many soybean fields use irrigation to increase yield. However,
to increase the cost benefit ratio, there is a need to optimize the water use. It will be
beneficial to study the root traits and the yield of the soybean genotypes under different
irrigation levels.
Another future study could be testing soybean root architecture in the intercropped
fields. Intercropping maize-soybean is known to increase its yield, and plants have the
ability to identify the roots of different species and modify the root growth. Evaluating the
yield and the modified root architecture under intercropped condition may develop some
ideal root architecture for optimum growth.
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Appendix A

Table A1: Classification of soybean genotypes into performance categories based on the numerical values of various parameters measured in this study.
Pendleton in 2019 / Pendleton in 2020 / Florence in 2019 / Florence in 2020
Genotype

Biomass1

LAI2

Seed yield3

Soil water depletion4

Water use efficiency5

Root development6

R01-581F

M/L/NA/L

L/M/M/L

L/H/M/L

M/M/NA/L

M/L/NA/H

M/L/M/M

Boggs

L/H/NA/M

M/H/H/H

L/L/M/H

M/M/NA/M

M/M/NA/M

H/M/H/H

N06-7023

L/L/NA/L

M/M/M/M

L/H/H/L

H/L/NA/M

M/M/NA/M

M/H/M/H

NC-Roy

L/M/NA/M

L/H/M/M

M/H/M/M

H/M/NA/M

H/L/NA/M

M/M/H/H

N09-12854

H/H/NA/M

M/H/H/H

H/M/H/H

L/M/NA/H

M/M/NA/L

M/L/M/L

N09-13890

M/H/NA/M

M/H/L/H

M/L/L/L

M/M/NA/M

L/M/NA/L

L/L/L/H

NC-Raleigh

M/M/NA/L

L/L/M/M

M/M/L/M

NA/H/NA/M

NA/H/NA/H

H/H/H/M

SC-14-1127

M/M/NA/M

M/M/H/H

L/M/M/M

H/L/NA/L

M/M/NA/M

M/M/L/M

Crockett

H/H/NA/M

H/M/H/M

H/M/M/M

M/M/NA/H

H/H/NA/H

M/M/L/M

SC07-1518RR

H/H/NA/H

H/H/M/H

H/M/M/H

M/M/NA/M

M/H/NA/M

M/M/H/M

USDA-N8002

M/M/NA/L

H/M/L/M

M/H/H/M

L/M/NA/M

H/M/NA/L

H/M/M/M

H = high; M = medium; L = low. NA = measurement was not made. Biomass: H > 5,300 and L < 4,800 kg ha in 2019 and H > 6,200 and L < 5,900 kg
ha-1 in 2020 at Pendleton; H > 3,800 and L < 3,200 kg ha-1 in 2020 at Florence. 2LAI: H > 0.7 and L < 0.5 in 2019 and H > 6.0 and L < 5.0 in 2020 at
Pendleton; H > 2.0 and L < 1.5 in 2019 and H > 4.5 and L < 4.0 in 2020 at Florence. 3Seed yield: H > 920 and L < 800 kg ha-1 in 2019 and H > 2,000
and L < 1,800 kg ha-1 in 2020 at Pendleton; H > 700 and L < 500 kg ha-1 in 2019 and H > 2,000 and L < 1,700 kg ha-1 in 2020 at Florence. 4Soil water
depletion: H > 0.095 and L < 0.093 m in 2019 and H > 0.320 and L < 0.310 m in 2020 at Pendleton; H > 0.340 and L < 0.335 m in 2020 at Florence.
5
Water use efficiency: H > 25.0 and L < 10.0 g m-3 in 2019 and H > 1,500 and L < 1,300 g m-3 in 2020 at Pendleton; H > 600 and L < 400 g m-3 in 2020
at Florence. 6Total root length was estimated for root development: H > 1,200 and L < 800 cm in 2019 and H > 1,400 and L < 800 cm in 2020 at
Pendleton; H > 2,000 and L < 1,300 cm in 2019 and H > 3,000 and L < 2,000 cm in 2020 at Florence. Values in between H and L are medium.
1

-1
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Appendix B
Process of Tube Installations and Data Collections

Figure B1 | Process of root imager tube installation and data collection. To install access tubes for the root imager, a hole was
made at 45-degree angle using hydraulic probe (A). A hollow acrylic tube was inserted into the hole, and the gap was filled
with soil (B). CI-602 root imager was put into the acrylic tube, and the roots were imaged at various depths (C). The collected
images were analyzed by RootSnap! Software (D).
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Figure B2 | Process of neutron moisture meter tube installation and data collection. A hole was made at vertical angle using a
hydraulic probe (A). A hollow aluminum tube (B) was inserted into the hole, and the gap was filled with soil. The neutron
moisture meter was placed on the aluminum stand which was on top of the inserted aluminum tube (C). The gauge and the
probe of the neutron moisture meter were lowered to the desired depths, and the soil moisture was measured at various depths
(D).
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